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DESIGN AND TESTING OF A PROTOTYPE WATER~COOLED VACUUM INTERRUPTER
FOR USE IN SUPERCONDUCTING MAGNET PROTECTION CIRCUITS

W. M, Parsons

Los Alamos National Laboratory

Los Alamos, New Mexico 87545 ~ USA

Abstract. -~ A water-cooled vacuum 1interrupter was 1. An electrical insulstion level of 15 kV dec,
designed and tested for use at 25 kA and 10 kV. This
device is expected to have a 1lifetime avproximately
one order of magnitude greater than commercial dc 3. An average opening speed of 0.6 m/s,
circuit breakers. Testing showed that, although the
device could successfully carry and interrupt 25 kA,
interruption reliability was only about 951 with a asseably, and
10 kV recnvery voltage. In addition, a structural
crack developed in one electrode from either thermal

2. A contact closing force capability of 900 kg,

4. A weld-dreaking slack cage 1in the linkage

5. A self-generating axial magnetic field cofl to

or mechanica! stresses or @ combination thereof. improve arc characteristics and {interruption
INTRODUCTION performance.

Axial Magnetic Field Coil. Studies [3) [4]) show how

the interruption performance of a vacuum interrupter

The high capital investment of a large superconducting

magnet frequently nececsitates the inclusfon of a pro~-

tective dump circuit in the system. The moct common improves with the application of an axfal magne:ic

method for achieving a fast energy dump is to {nsert a flield. Westinghouse Electric Corvporation conducted a

resiator in wserfes with the superconducting magnet. series of axperiments to determine the axial magnetic

Prectically, this energy dump {s accomplfshed by field required to prevent anode spot formation and

opening a circuit breaker and diverting the magnet thus {mprove current interruption.|3) The study

current into a dump resistor. The requirements for showed that to maintain a diffuse arc, the mintnum

this circuit breaker are two fold., It must field, lhin' is gtven by the empirical equation

1. Interrupt the maximur magnet current, In' and

withszand the recovery voltage produced when this (mT) = 3.1(1 = 10), (1

nmln
current {s diverted into the ressiator and

2. Conduct I during noimal operation of the super-

conducting magne- vhere 1 18 in kilcamperes and B 1s 1n millfteslas. In

The first requirement can be eatisfied with conmmer- an earlier Los Alanos sponsored study(8], Gorman and

cially available dc circuit breakers nrovided the re- Heberlefn suggest that

covery voltage {s limited to & kv or less.[l] The
second requirement can be satiafied with conmercisliy HaT) = 2(1 = 14&) (PR
availsble dc circuit breakers provided 1. s limfited

to abourt 12 kA or less. However, theare are no

commercial switches avle to operate at voltages ahove for minfaum arc veltage and eronfon. Yenabul7] et

4 KV or at currens sbove 12 kA. For this reaeon, Los al,, aeuggevet that, for 8,9 cn diameter copper elec~

Alamos has actfvely been pursuing the develnpment of a trodes and curivnts betueen 3 and 40 kA, the mintmum

single avitch capable of sattefyting any currant and arc voltage will ba achieved when

voltage requirement up to 23 kA and 10 kV,

6. aT/kA ¢ A< 7.9 aT/kA (B3
INTERRUPTER DESIGN

Actuator Design - The dc fnterruption reliabtlity of
18 cm. vacuum Interruptera at 2 kA exceeds 992.(2) This magnetic field can ve aelf-gensrated or external-
Thia current level was chosen as the design criterfon ly generated. 11 thin design, we chone a welf-
for the continuous curtent rating of the device, generating fleld, The high continuous  curtent
Other criteria for deaign of the actuator include: neressitared the use ! an activelvy cooled cotl

winding element, The dentign produced a fleld given

“Work  performed under the auspices of the

U'.5. Department of Energy, b,



B = 8.4 mT/kA . (4)

This equation is plotted in Fig. 1 with the previously
mentioned field equations. The present field design
is somewhat higher than 1in the Yornabu design and
considerably higher than are the minimum levels recom
mended tv German and Heberlein. The assembled
actuator wvith the axisl field coil is pictured in
Fig. 2.

Interrupter Tube Design - The first water-cooled

vacuum interrupter tube tested at Los Alesmos was

designed and built by Westinghouse Electric

Corpor-tion‘ in 1978, It was constructed primarily to
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Figure '. = Axial sagnetic field vs current,

Figuie 2. = Asaembled actuator,
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test the water—-cooling concept and, aside from the
water passages in the stem and contact areas, wvas a
standard design. The contact material was CLR.‘. a
semiresistive, two-phase material developed for low
erosion properties, The device could successiully
carry currents up to about 10 kaA.
With the same general configuration as the first in-
terrupter, a new interrupter was specified in dezajl
by Los Alamos for opevation az 25 kA. This interrupt=
er had contacts made of LR.'. A wmaterial that has
erosion characteristics superior to those of copper-
bisauth but not CLR. Aside from the change in contact
material, the new design differed from the first
primarily in stem and water passage sizes. A
comparison of these two designs 1s pressnted in Table
I.

TESTING
Testing of the interrupter eystex was conducted 1{n
three parts. The first group of tests, consisting of
pulse interruption tests, verified the systex’'s
ability to s$nterrupt high currents at substantial re-
covery voltages. The second group of tests examined
the systen’s ability to conduct high-level continuous
currents. The third group of tests, combinfng the
first and second test segquences, ver{fied fnterruption
ability immediately after conducting high-level conti-
nuous currents.

Pulse Interruptjon Tests «+ The pulse ({nterruption

tests checked the interruption system for vrelfabtilicy
before conducting high=level continuvous currents,
These tusts acted as a control tn determine any
relisbility degradation caused by the introduction of
the high-level continuous currents. These tests also

checked the frroper operation and optimization of the

F. Weyland, Vestinghouse Industrial and Government

be Division, Horseheads, New York.

West inghouse Electric Cotrporation proprietary
materfal.
TABLE 1
COMPARISON OF FIRST AND SECOND
PROTOTYPE TUBE DEIGNS
Firet  Second

Stem o0.d. (cm) 2.% SR
Stem 1.d. (cm) 1.%2 de26
Effective ntem area (cm’) 3. 10,4
Contact weter supply tube t.d. (cm) 0,1" 0,9]
Internal contact wate: passage sige

(cn®) 0,0 0,61
Flow rate at 27% kPa (1 /min) 1.4 1
Contact dianeter (cm) T1.R ik



circuice, including saturable reactors, snubber
circuits, and timing sequences.

The circuft breaker performed 88 current interruptions
that did not involve preheating. Interrupted currents
ranged from 5 to 30 kA while recovery voltages were
varied between 2 and 12 kV., The commutation capacitor
was varied between 150 and 300 uF during these tests.
No failures to interrupt occurred except during
several trial tests when the commutation voltage was
insufficient to produce the necessary current gzero 1n
the vacuum interrupter.

The interrupted current 4in a typical test was 26 kA
and the peak recovery voltage was 10.3 kv, The wmean
di/dt during commutatisn was 913 A/us until the
saturab.e reactor came out of saturation at 760 A,
The 41/dt was then reduced to 32 A/us for 24 us before
current zero. The initial rate of rise of recovery
voltage was 168 V/us after interruption.

Continuous Curtent Tests - The interrupter was tested

at current levels between 3 and 27 kA in 3 kA fincre-
ments with an electrode contacc interface force of
4,22 kN. The average resistance of the contacts was
measured to be 4 ufl, only 252 of the 16 .l used ir the
calculations. Examination of the contact surfaces at
the end of tewting showed shallow melted areas on the
faces. This observation s consistent with other
studies[8] in which the inftiel microscopic bridges
between two current carrying surfaces nel:ted to
fncrease their effective interface cross section, thus
lowering the bridge resistance.

Hybrid Tests = This experiment combined the pulse in-
terruption tests and the continuous current tests to
simclate interruption of a high-level continuons cur-
rent at high voltage. Figure J ehows the current
through the interruptar during these tests. A total
cf 87 hybrid tests were performed at currents ranging
from 9 to 29 kA. Most of these tests involved a cur~
rent cf 25 kA.
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Figure 3. = Current through fnterrupter during hybrid
tests,

There were four restrikes of the vacuum interrupter
during this sequence. Two of the restrikes occurred
within | ms after interruption and were probably a
result of thermionic enmission from local hot spots
created during the closed contact conduction period.
The <Jther two restrikes were delayed restrikes and
occurred betwcen 70 and 90 ms after interruption.

Delayed restrikes are generally caused by small 1loose
particles being accelerated across the electrode gap
by the applied reccvery voltage. Several theories

explain how this accelerated particle causes
breakdown. Cranberg(9) suggests that the impingement
of the particle into the opposing electrode may "knock

out”

another particle with enough energy to cause an
Avalanche. Slivkov{10] theorized that the accelerated
particle may vaporize upon impact, causing breakdown.
Other experfaents [11] have shown that for large
particles, breakdown initiates between the electrode
and the particle while the particle s stfll In
flight. The plasma produced by this breakdown may be
sufficient to trigger a breakdown across the entire
gap. Al]l of the above explanations assume that the
particle 1a 1inftially wunattached and show the :ime
required for particle acceleration and subsequent
restrike is much shorter than the 70 to 97 ms
observed. If we calculate the time required for a
particle to move from the upper contact to tne lower
contact under the influence of gravity, then a travel
time of ~45 ms results. The possibilicy exists tha* a
spall molten particle could be jarred loose from a hot
spot created during the closed electrode conduction
period. This particle, moving primartly under the
influence of gravity, would then follow a patern
siailar to the last one described.

DISASSEMBLY AND INSPECTION OF TUBE

Figure 4 shows the interrupter electrodes at the end

of testing. The small areas melted by high curtrent
conduction are evident over approximately 80X of the
contact faces. They are most easily seen on the
cathode, the electrode to the right, although there fg
s wmate for each area on the anode. We suspect that
these areas caused hoth the fast and delayed restrikes
observed during the hybrid testa. Examination of the
cathode revealed a crack in an electrode cap. Thia
crack was evidentlvy caused bv one or both of two
stressen:

l. Thermal stress, The outer edge of the cathode
face containa & build=up of contact material tha*
wae tranaferved from the anode during arcing.
Thia bufldup produred a local peak n the
otheiwine flat electiode surface, When the elec~
trodes  were brought topether, thia edge regtfon

was the firat to wmake contact and cartied wmome



significant portion of the current.
Unfortunately, the edge {is not in proximity to
most of the internal cooling passages and quite
possibly overheated, producing internal stresses
that fractured the aaterial.

2. Mechanical stress. If the raised cathode edge is
welded to the edge of the anode, then the mechan-
ical force exerted by the actuator durlng opening
could have ylelded the wmaterial by tensile
fracture. This material is designec to be weak
in tension to pre..nt serious contact welding
after interrupting heavy fault currents,

CONCLUSIONS

The water-couvled vacuum interrupter appears to have
promige as a continuous current, 25 kA interrupter 1if
the restriking and electrode cracking problems can be
eliminated. Discussions with Westinghouse personnel
have led to a modified interrupter design that should
eliminste or nminimize the problems. These modifica-
tions include

1, Increasing the percentage of copper in the elec~
trode cap face to reduce electrical and thermal
resistiviry,

2. Changing the composition of the electrode cap
sidevall from & copper based msterial to pure
copper, This should eliminate electrode cracking
in this area by ceduciny electrical heating and
increasing thermal conduction.

3, Changing the geometry of the electrode face from
a flat profile to a face with a raised annular
ring directly above the cooling passages. This
arrangedent will {nsure that contact {s nade
within a prescribed distance from the cooling
channels arid should result in cooler surfaces.

It will also prevent welding at the edge of the

Figure 4. = Interrupter electrodes afte' teating.

electrode and reduce the possibility of cracking
resulting from mechanical tensile stresses,

4. Decreasing the distance between the electrode
face and the cooling channels to improve thermal
conduction from the face.

The modified interrupter has been manufactured and

delivered for testing in the future.
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